Abstract: A microwave photonic signal processor that is capable of simultaneously realizing sub-harmonic frequency down conversion and IF signal phase shifting operation is presented. The IF signal generated by the frequency down conversion process is obtained by the beating of the second-order local oscillator (LO) sideband with the fundamental RF signal sideband at the photodetector. The phase of the IF signal can be tuned continuously from 0°to 360°by controlling the optical phase of the RF signal sideband. The optical carrier is eliminated at the signal processor output to achieve high conversion efficiency mixing operation. The signal processor can be designed to have a very wide bandwidth as it only involves optical components. Experimental results are presented that demonstrate frequency down conversion with > 8.8 dB conversion efficiency over 6 to 40 GHz RF signal bandwidth and 0.05 to 10 GHz IF signal bandwidth, and a continuous 0°to 360°phase shift on the output IF signal.
Introduction
Microwave photonic signal processing has been a subject of interest for many years due to its advantages of wide bandwidth, high resolution and immune to electromagnetic interference [1] . Various signal processing functions including filtering [2] , [3] , mixing [4] , [5] and phase shifting [6] , [7] have been demonstrated using different microwave photonic techniques. Microwave photonic mixers or frequency converters have applications such as antenna remoting, CATV signal distribution and radio over fiber system [8] , [9] . A frequency downconverter generates an IF signal by mixing an RF signal, which is usually the information signal received by an antenna, with an LO that has a frequency close to the RF signal frequency. Hence an RF signal having a high frequency requires a high-frequency signal generator to produce an LO. Sub harmonic mixers provide a solution to this problem by using the harmonic component of a low-frequency LO to mix with an RF signal. A number of microwave photonic sub harmonic mixers have been reported [9] - [14] but none of them have experimentally demonstrated a wide bandwidth operation, which is one of the fundamental requirements for the frequency converter to be used in defense receiver systems [15] . In addition, systems with multiple functions are preferred in electronic warfare applications [16] but the previously reported microwave photonic sub harmonic mixer structures do not provide additional signal processing functions such as filtering and phase shifting. Both frequency conversion and phase shifting operation can be found in phased array transmitter and receiver systems used in automotive radars for adaptive cruise control and collision warning applications [17] . In this case, a certain phase shift setting in each element of an n-element phased array transmitter or receiver is required so that the signals from all elements add up coherently in one direction to form a beam. The frequency of the signal to be transmitted or received in each element also needs to be up or down converted respectively. Hence phase shifters and frequency converters are essential components in this system. Other applications such as phase coded radar for target recognition and classification [18] also require frequency conversion and phase shifting operation. This paper presents a wide bandwidth microwave photonic sub harmonic frequency downconverter that is also capable of controlling the output IF signal phase. The downconverter is based on an integrated dual-polarization dual-parallel Mach Zehnder modulator (DPMZM) with an RF signal and an LO applied to two different DPMZMs inside the integrated modulator structure. The optical carrier and other unwanted frequency components can be largely suppressed by designing the modulator bias voltages. This leaves the fundamental RF signal and 2nd order LO sidebands at the downconverter output which beat at the photodetector to generate an IF signal with high conversion efficiency. At the same time, a modulator bias voltage can be adjusted to tune the optical phase of the RF signal sideband to realize the IF signal phase shifting operation. The system does not involve any electrical components and hence it can be designed to have a very wide bandwidth. The design of the system parameters to realize the dual signal processing functions is presented. The microwave photonic sub harmonic frequency downconverter is demonstrated experimentally with the results showing high conversion efficiency mixing operation over a wide RF signal bandwidth of 6 to 40 GHz and an IF signal bandwidth of 0.05 to 10 GHz, and continuous 0°to 360°IF signal phase shifting operation.
Topology and Operation Principle
The topology of the microwave photonic signal processor that can realize sub harmonic frequency down conversion and IF signal phase shifting operation is shown in Fig. 1(a) . A continuous wave (CW) light from a laser source is launched into an integrated dual-polarization DPMZM, which consists of two DPMZMs connected in parallel with a 90°polarization rotator at the output of one of the DPMZMs as shown in Fig. 1(b) . Each DPMZM has a main Mach Zehnder modulator (MZM) and two sub-MZMs on each arm of the main MZM [19] . The sub-MZM has an RF electrode and a DC electrode for bias operation, and the main MZM has a DC electrode after the two sub-MZMs. The two sub-MZMs, MZM 1 and MZM 2 , in the upper DPMZM are biased at the null point to suppress the carrier, and MZM 1 is driven by an RF signal. Therefore the output of the upper DPMZM has a pair of fundamental (or 1st order) RF signal sidebands with the carrier being suppressed as shown in Fig. 1(b) . MZM 4 in the lower DPMZM is driven by an LO and is biased at the peak point. Hence MZM 4 output has a carrier and a pair of 2nd order LO sidebands. MZM 3 in the lower DPMZM is biased close to the peak point to ensure the carrier passed through MZM 3 has the same amplitude as MZM 4 output carrier. The bias voltage V b6 into the DC electrode of the main MZM is adjusted so that the carriers at the output of MZM 3 and MZM 4 have an opposite phase as shown in Fig. 1(b) , and hence they are cancelled at the lower DPMZM output. Therefore the output of the lower DPMZM has a pair of 2nd order LO sidebands with the carrier being suppressed. The polarization state of the LO sidebands is rotated by 90°via a 90°polarization rotator. The polarization beam combiner (PBC) combines the LO sidebands with the RF signal sidebands from the upper DPMZM. Since the RF signal and the LO sidebands have an orthogonal polarization state, a 45°polarizer is used after the dual-polarization DPMZM to convert the two orthogonally polarized sidebands to have the same polarization state. The RF signal and LO sidebands are amplified by an optical amplifier, which is followed by an optical filter to remove the sidebands on the left of the optical carrier. The single fundamental RF signal and 2nd order LO sidebands are detected by a photodetector, which generates an IF signal with the frequency that is the same as the difference between the RF signal frequency and twice the LO frequency. Using the 2nd order LO sideband instead of the fundamental LO sideband for the mixing operation reduces the frequency requirement of the microwave signal generator for generating an LO by half. Note that the phase of the output IF signal is determined by the optical phase difference between the RF signal and LO sidebands. Therefore a tunable IF signal phase shifting operation can be obtained by adjusting the bias voltage V b3 into the upper DPMZM to tune the optical phase of the RF signal sideband, which is useful for beamforming applications.
It should be pointed out that the optical carrier, which is normally several orders of magnitude higher than the sidebands, is suppressed at the dual-polarization DPMZM output. This not only can increase the mixer conversion efficiency as the carrier has no contribution to the frequency conversion process [5] but also reduce the roll-off factor requirement of the optical filter, which enables an optical filter with a moderate roll-off factor to be used to realize broadband mixing and phase shifting operation. Note that the sub harmonic frequency downconverter shown in Fig. 1 is an all-optical microwave photonic signal processor as it does not involve any electrical component. The bandwidth of the downconverter is limited by the bandwidth of the dual-polarization DPMZM, which is a Titanium indiffused Lithium Niobate electro-optic modulator that can be made to have a very wide frequency response up to 100 GHz [20] . Instead of generating two RF signal sidebands, the bias voltages of the top DPMZM can be designed to generate a single upper RF signal sideband, which beats with the second order upper LO sideband from the bottom DPMZM at the photodetector to produce an IF signal. This can eliminate an optical filter used in the setup to remove the lower modulation sideband. Note that an unwanted frequency component is also generated when the upper RF signal sideband beats with the second order lower LO sideband at the photodetector but the unwanted frequency component is located at high frequencies outside the photodetector bandwidth. Although in this case an optical filter is eliminated in the setup, shifting the IF signal phase requires adjusting a DC voltage into a polarization dependent optical phase shifter connected after the dual-polarization DPMZM [21] . It is possible to eliminate the optical filter without using an additional polarization dependent optical phase shifter in the setup. This is done by biasing MZM 3 at the null point and designing the input LO power into MZM 4 to cancel the optical carrier. Hence the bias voltage V b6 can be used to tune the LO sideband phase, which in turn tunes the IF signal phase shift. However, in this case, the LO modulation index is fixed and cannot be used to optimize the frequency converter conversion efficiency. Furthermore both the above two techniques require an electrical 90°hybrid coupler at the inputs of the top DPMZM to generate a single sideband suppressed carrier RF modulated optical signal, which limits the system bandwidth.
Note that a frequency downconverter with the ability to tune the output IF signal phase has been reported recently [4] . However, it has a different structure and a different operation principle compared to the downconverter presented in this paper. The signal processor presented in [4] is not a sub harmonic frequency downconverter as the IF signal is generated by the beating of the fundamental RF signal and LO sidebands at the photodetector. It requires a sharp roll-off factor optical filter to filter out both the optical carrier and one sideband. As a result, the mixing operation is only demonstrated in 12 to 20 GHz frequency range. Furthermore, the downconverter performance such as conversion efficiency has not been investigated in [4] . Using a conventional microwave photonic sub harmonic downconverter and a microwave phase shifter after a photodetector to perform frequency conversion and phase shifting operation has a simpler structure compared to the dual-function microwave photonic signal processor shown in Fig. 1 . However, a microwave phase shifter has slow tuning speed [22] and limited phase shift resolution [23] . It also suffers from electromagnetic interference. To the best of our knowledge, there is no report on a microwave photonic structure that can perform both sub harmonic frequency conversion and phase shifting operation. Integrating the dual-function signal processor using integrated microwave photonic technologies can significantly reduce the cost as well as the size and complexity of the proposed structure.
Analysis and Simulation Results
Referring to Fig. 1(a) , when MZM 1 and MZM 4 are driven by an RF signal and a LO respectively, the output electric fields of the top and bottom DPMZM can be expressed as
where E i n is the electric field amplitude of the CW light into the dual-polarization DPMZM, t ff is the insertion loss of each DPMZM, ω c , ω RF and ω L O are the angular frequencies of the optical carrier, RF signal and LO respectively, J n (x) is the Bessel function of nth order of first kind,
are the modulation index of the RF signal and LO respectively, and V π is the modulator switching voltage. The output of the bottom DPMZM passes through the 90°polarization rotator and combines with the top DPMZM output via the PBC. Hence the dual-polarization DPMZM output electric field becomes
wherex andŷ represent the two orthogonal polarization states. The output of the dual-polarization DPMZM passes through the 45°polarizer and amplifies by the optical amplifier. The left RF signal and LO sidebands are filtered out by the optical filter. The electric field at the output of the sub harmonic frequency downconverter can be obtained from (3) and is written as
where G O A is the optical amplifier gain, and L Pol and L O F are the insertion loss of the polarizer and the optical filter respectively. Equation (4) shows that the optical carrier can be eliminated by designing MZM 3 bias voltage V b4 regardless the LO amplitude. Hence, assuming the input RF signal is a small signal, (4) can be rewritten as
Since the optical power is the electric field square, i.e. P = |E | 2 , and the photocurrent is the product of the output optical power and the photodiode responsivity , the photocurrent at the IF signal angular frequency ω I F = ω RF − 2ω L O can be obtained from (5) and is written as
where P i n is the CW light power into the dual-polarization DPMZM. Equation (6) shows that the output IF signal phase, i.e. πV b3 /V π , can be tuned by changing the bias voltage V b3 . The equation also shows the output IF signal phase shift and V b3 have a simple linear relationship. The conversion efficiency of the sub harmonic frequency downconverter, which is defined as the ratio of the photodetector output IF signal power to the modulator input RF signal power, is given by
where R i n is the modulator input resistance, R o is the photodetector load resistance, and P avg is the average optical power at the output of the downconverter and is given by
Equation (7) shows the conversion efficiency of the sub harmonic frequency downconverter can be increased by increasing the average optical power into the photodetector, which can be done by using a high power laser source or increasing the optical amplifier gain, or by using a dualpolarization DPMZM with low switching voltages. Fig. 2 shows the simulation results of the sub harmonic frequency downconverter obtained using VPITransmission Maker photonic simulation 
Experimental Results
An experiment was set up as shown in Fig. 3 to verify the concept of the microwave photonic sub harmonic frequency downconverter. A tunable laser (Keysight N7714A) operated at 1550.3 nm was used as an optical source. This laser was equipped with a polarization maintaining fiber and was connected directly to a dual-polarization DPMZM (Fujitsu FTM7977HQA), which also had a polarization maintaining fiber at both the modulator input and output ports. A small portion of the dual-polarization DPMZM output was injected into a compact modulator bias controller (PlugTech MBC-DPIQ-01), which was used to provide the bias voltages into the modulator and to ease the modulator bias drift problem. The bias voltages V b1 , V b2 and V b6 were adjusted so that the corresponding modulator was biased at the null point. Similarly, V b5 was adjusted so that MZM 4 in the bottom DPMZM was biased at the peak point, and V b4 was adjusted to cancel the optical carrier at the bottom DPMZM output as was discussed in Section 2. Due to the lack of a high-gain optical amplifier, two optical amplifiers where one was a semiconductor optical amplifier (SOA) and the other was an erbium-doped fiber amplifier (EDFA), were used in the setup to compensate for the system loss to ensure 10 dBm optical power into the photodetector. A polarization controller (PC) together with a linear polarizer were connected after the SOA, which were functioned as a 45°p olarizer to convert the orthogonally polarized RF signal and LO sidebands at the dual-polarization DPMZM output to have the same polarization state. A 1550.04 nm fiber Bragg grating (FBG) with a full width half maximum of 0.34 nm and an optical circulator were used as an optical filter to filter out one RF signal and LO sidebands and to suppress the amplified spontaneous emission noise from the optical amplifiers. The output optical signal was detected by a 50 GHz bandwidth photodetector (U2t XPDV2120R), which was connected to a 26.5 GHz bandwidth electrical spectrum analyzer (ESA) (Anritsu MS2692A) to display the output IF signal. A 20 GHz RF signal from a microwave signal generator was applied to the top DPMZM and was aimed to be down converted into an IF signal with 100 MHz frequency. Thus, an LO frequency of 9.95 GHz was applied to the bottom DPMZM, which had a switching voltage of 4.1 V at 9.95 GHz. The LO power into the modulator was 8.2 dBm. The optical spectrum at the output of the top and bottom DPMZM were measured on an optical spectrum analyzer connected after the polarizer. A carrier suppressed double 1st order RF signal sideband modulation output and a carrier suppressed double 2nd order LO sideband modulation output can be seen in Fig. 4(a) and (b) respectively. Fig. 4(b) shows that the fundamental LO sideband is 19 dB below the 2nd order LO sideband, and the 3rd and 4th order LO sidebands are more than 25 dB below the 2nd order LO sideband. The optical spectrum at the output of the sub harmonic frequency downconverter was measured as shown in Fig. 5 . It can be seen that the right sideband in wavelength, which corresponds to the left sideband in frequency, was completely filtered out. Fig. 6 shows the sub harmonic frequency downconverter input RF signal and output IF signal spectrums. The measured output IF signal power was −6.1 dBm, which demonstrates the downconverter has a high conversion efficiency of 10.1 dB.
The performance of the microwave photonic sub harmonic frequency downconverter over a wide RF frequency range was investigated. The RF signal and the LO were tuned in 6-40 GHz and 2.95-19.95 GHz respectively with an IF signal frequency fixed at 100 MHz. Fig. 7 shows the sub harmonic frequency downconverter conversion efficiency is around 9.5 dB with <1 dB variation throughout the 6-40 GHz input RF signal frequency range. The lower and the upper operating frequency were limited by the roll-off factor of the optical filter and the bandwidth of the modulator used in the experiment. Nevertheless, this is the first report of an experimental demonstration of a high conversion efficiency microwave photonic sub harmonic frequency downconverter operating in such a wide frequency range. A conversion efficiency of 12.2 dB was obtained from the simulation using (8) together with the experimental parameters, which agrees with the measurement. The sub harmonic frequency downconverter conversion efficiency over an output IF signal frequency range from 0.05 to 10 GHz was also investigated. This was done by fixing the input RF signal frequency at 20 GHz and tuning the LO frequency from 9.975 GHz to 5 GHz. Fig. 8 shows a flat downconverter response for 0.05-10 GHz output IF signal frequency. A detailed conversion efficiency measurement within 1 GHz output IF signal frequency is shown in the inset of Fig. 8 . Again a constant conversion efficiency performance can be seen.
The sub harmonic frequency downconverter output IF signal phase shifting operation was demonstrated by tuning the modulator bias voltage V b3 via the bias controller. Fig. 9(a) and (b) show the measured output IF signal at 100 MHz (input RF signal frequency = 20 GHz and input LO frequency = 9.95 GHz) and 1 GHz (input RF signal frequency = 20 GHz and input LO frequency = 9.5 GHz) respectively. The experimental results show a continuous 0°to 360°IF signal phase shift with almost no change in the IF signal amplitude. This verifies the structure shown in Fig. 1 has dual signal processing functions, i.e. sub harmonic frequency down conversion and IF signal phase shifting operation. Fig. 9(c) shows the modulator bias voltage V b3 required to obtain 0°to 360°phase shift on the IF signal. It can be seen from the figure that the output IF signal phase shift and the modulator bias voltage V b3 have a linear relationship.
Conclusion
A microwave photonic signal processor that has the ability to simultaneously realize sub harmonic frequency down conversion and IF signal phase shifting operation has been presented. It is based on applying the RF signal and LO to two MZMs inside a dual-polarization DPMZM and using an optical filter to remove one sideband. The modulator bias voltages can be designed to suppress the optical carrier to obtain high conversion efficiency mixing operation, and to tune the output IF signal phase. The downconverter has a wide bandwidth, which is only limited by the electro-optic modulator bandwidth. Experimental results demonstrate for the first time sub harmonic frequency down conversion with >8.8 dB conversion efficiency over a very wide RF signal bandwidth of 6 to 40 GHz and an IF signal bandwidth of 0.05 to 10 GHz. Continuous 0°to 360°IF signal phase shift with almost no change in the IF signal amplitude by controlling a single modulator bias voltage has also been demonstrated.
